This study evaluates long-term mean fluxes of carbon and nutrients to the upper 100 17 m of the Iceland Sea. The study utilises hydro-chemical data from the Iceland Sea 18 time-series station (68.00 °N, 12.67 °W), for the years between 1993 and 2006. By 19 comparing data of dissolved inorganic carbon (DIC) and nutrients in the surface layer 20 (upper 100 m), and a sub-surface layer (100-200 m), we calculate monthly deficits in 21 the surface, and use these to deduce the long-term mean surface layer fluxes that 22 affect the deficits: vertical mixing, horizontal advection, air-sea exchange, and 23 biological activity. The deficits show a clear seasonality with a minimum in winter, 24 when the mixed layer is at the deepest, and a maximum in early autumn, when 25 biological uptake has removed much of the nutrients. The annual vertical fluxes of 26 2 DIC and nitrate amounts to 2.9 ± 0.5 and 0.45 ± 0.09 mol m -2 yr -1 , respectively, and 27 the annual air-sea uptake of atmospheric CO 2 is 4.4 ± 1.1 mol C m -2 yr -1 . The 28 biologically driven changes in DIC during the year relates to net community 29 production (NCP), and the net annual NCP corresponds to export production, and is 30 here calculated to 7.3 ± 1.0 mol C m -2 yr -1 . The typical, median C:N ratio during the 31 period of net community uptake is 9.0, and clearly higher than Redfield, but is 32 varying during the season. 
2 DIC and nitrate amounts to 2.9 ± 0.5 and 0.45 ± 0.09 mol m -2 yr -1 , respectively, and 27 the annual air-sea uptake of atmospheric CO 2 is 4.4 ± 1.1 mol C m -2 yr -1 . The 28 biologically driven changes in DIC during the year relates to net community 29 production (NCP), and the net annual NCP corresponds to export production, and is 30 here calculated to 7.3 ± 1.0 mol C m -2 yr -1 . The typical, median C:N ratio during the 31 period of net community uptake is 9.0, and clearly higher than Redfield, where X is the concentration of the constituent of interest (here nutrients and DIC), 156 SSL is the sub-surface layer, and SL is the surface layer. Thus the deficit increases 157 when there is a decrease in carbon or nutrients in the surface layer. While the surface 158 layer is chosen to be the upper 100 m, the sub-surface layer is defined as the layer 159 between 100 and 200 m, for which monthly mean concentrations are calculated and 160 applied in Eq. 1. Applying this on the monthly mean profiles, the deficits are 161 calculated for every 10 m interval in the upper 100 m, relative to the monthly mean 162 concentration in the sub-surface layer, multiplied with 10, and summed up for each 163 month (Anderson et al., 2000) . 164 165
Flux calculations 166
The change in the deficit (∆DEF X ) of constituent X are explained by the sum of the 167 fluxes into and out of the surface layer; the vertical exchange with the deeper layers 168 (F vert ), the horizontal fluxes (F hor ), the biological production (F bio ), and the air-sea 169 
where v mix is the vertical entrainment velocity, and H is the thickness of the surface 185 layer. We estimate v mix through changes in the calculated mixed layer depth 186 (following, e.g., Skjelvan et al., 2001) , and apply this for the periods with a deepening 187 of the mixed layer, which is the period from September to March seen from the 188 development of the MLD (Fig. 2) . During the period from April to August there is a 189 decrease in the MLD, and for this period we apply a background mixing through the Table 1 . We here define v mix as negative to get a negative flux 193 when directed into the surface layer. 194
The flux due to biological activity is given by Eq. 4: 195
For the nutrients we assume a negligible atmospheric source, but when calculating the 199 biological production from DIC, F bio needs to be corrected for the air-sea flux (see 200 below). The resulting fluxes are positive as long as the production is greater than the 201 decay of organic matter, as is the case when there is a net biological uptake, removing 202 DIC and nutrients from the surface layer. 203
The air-sea flux of carbon can be calculated from the difference in partial pressure 204 of CO 2 between seawater and air, the gas transfer velocity k, and the solubility of CO 
Results 234
The deficits of nutrients and DIC in the upper 100 m decrease from January to 235 March (Fig. 4) , as a result of the deepened mixed layer depth (Fig. 2) . The increase in 236 the deficits after March, related to biological production, continues until a maximum 237 in September, after which the deficits decrease again. There is a small decrease in 238 deficit in phosphate from May to June, which coincides with an almost unchanged 239 deficit in silicate and a slower rate of change of DIC. At the same time the change in 240 the nitrate deficit continues largely as before (Fig. 4) . There is a significant uptake of 241 nutrients from winter to late summer (Fig. 3) , but on average the system, never gets 242 fully depleted. The calculated fluxes deduced from a change in the deficits, related to 243 vertical mixing, air-sea exchange, and biological production, are presented in the 244 following section and are summarised in Table 2 
Biological production 263
The biologically related fluxes of carbon and nutrients all show a two-peak 264 seasonality, with the first maximum in April-May, and a second, larger peak in 265
September. Phosphate shows a slightly different evolution, with no flux in June, and a 266 broader peak in late summer, with a small maximum in August. The nutrients also 267
show a negative flux in October, when there is still a net uptake of carbon. and January. This will not be discussed further. 284
The net annual NCP corresponds to the export production, when assuming steady 285 state. In the Iceland Sea this sums up to 7.3 ± 1.0 mol C m -2 yr -1 , or 88 ± 12 g C m
The seasonal drawdown of nitrate, corresponding to the period of net community 288 uptake (i.e. increasing deficit; April to September; see 
Stoichiometry of the calculated fluxes 298
An evaluation of the stoichiometric relationships between carbon and nutrients 299
show varying values during the year, as well as for the different fluxes (Table 3) . 300
Evaluating the stoichiometry for the biological production is not straightforward 301 since the flux of carbon and nitrate do not show the same direction for all months. The 302 change in deficits of DIC and nitrate (Fig. 4) , however, both show a net uptake from 303
April to September, so we will use this period to evaluate the biologically related 304 stoichiometry. The C:N ratios of the monthly biological production (Fig. 7) , during 305 the period of seasonal drawdown of DIC and nitrate, differ between the early and the 306 late part of the season, with C:N ratios of 8.8-8.9 in April and May, and 9.1-9.8 307 between July and September, while the value in June is 7.4. 308 309 5 Discussion 310
Primary production in the central Iceland Sea 311
The main aim of this study is to investigate primary production and related 312 stoichiometry in the central Iceland Sea. This domain is dominated by Arctic waters, 313
and is the least productive of the waters around Iceland (e.g., Gudmundsson, 1998 ; 314 The negative nutrient flux in October, when there is still a net uptake of carbon 332 (Fig. 5) , is similar to what have been observed in the Norwegian Sea (Falck and 333 Anderson, 2005) , which were explained largely by a build-up of dissolved organic 334 matter (DOM), which is relatively low in nutrients. We will discuss this further 335 below, in relation to the stoichiometry of the production. 336 337
Variable stoichiometry 338
The evaluation of the C:N ratios during seasonal drawdown (April to September) 339 of DIC and nitrate (Fig. 6) showed a clear deviation from the Redfield C:N ratio of 340 6.6, except in June, when the production was lower. The consumption of carbon 341 15 relative to nitrate in excess of Redfield, a phenomena termed "carbon 342 overconsumption" (Toggweiler, 1993) , was higher during the late summer production 343 Table 2 , we get a net C:N ratio of 16.2. This means that, if we would convert the 356 computed new production into export production, using the ratios of Redfield (6.6), or 357
Takahashi et al. (7.3), we would underestimate the export production by 55-60%, 358 assuming our estimated export production is reasonable. This confirms the findings 359 of, Sambrotto et al. (1993) , who found that the actual carbon production exceeds any 360 estimate based on nitrogen consumption, converted by the Redfield C:N ratio, by 36-361
81%. 362
This illustrates the problem in converting new production into NCP, or export 363 production, using constant stoichiometric ratios. As discussed by Laws (1991) 
370
An evaluation of the relationship between DIC and nitrate in the surface water 371 using the time-series data (not shown) gives a high agreement with the estimated 372 stoichiometry in the region by Takahashi et al. (1993) . However, this value represents 373 the relationship between measured properties in the surface waters over the year, 374 which includes the net effect of air-sea exchange, biological activities, and mixing. 375
Due to this, Banse (1994) cautioned against using observed in-situ DIC:nitrate 376 relationships to make statements about elemental ratios during biological production, 377 and respiration, and recommended smaller closed, controllable systems to find 378 mechanistic explanations of uptake ratios in the surface layer. 379 380
Comparison to production estimates for other parts of the Nordic Seas 381
How representative of the Nordic Seas are our estimated production terms in the 382 Iceland Sea? The average NCP in the Nordic Seas, based on an oxygen budget, have 383 been estimated to ~36 g C m -2 yr -1 (Falck and Gade, 1999) . This is roughly half of the 384 annual NCP we find in the central Iceland Sea. However, to evaluate regional 385 differences we compare with estimates for the different basins in the area. 386 In the Norwegian Sea, the primary production has been estimated to 80 g C m -2 yr -1 396 (Rey, 2004) and that the new production is 60% of that. It has also been pointed out 397 that where zooplankton grazing is high as in the Norwegian Sea new production may 398 be underestimated (Bathmann et al., 1990 ) and could be as high as 80%. Results from 399 a modelling study (Skogen et al., 2007) , suggests a mean annual production in the 400 could partly be due to the oxygen-to-carbon conversion applied, mostly based on the 417 traditional Redfield ratio, but the only way to unravel real or artificial differences is to 418 analyse the whole region with the same method. This should be pursued in the near 419 future to investigate regional differences, but also to evaluate trends and changes in 420 the system. Nevertheless, the range of methods and approaches, both based on 421 observations and models, and different assumptions, including ours, still seems to 422 reach some consensus of annual primary production in the Nordic Seas of ~60-100 g 423 C m -2 yr -1 . More work is needed to evaluate regional similarities and differences in 424 stoichiometry and any temporal trends in primary production. This will aid 425 understanding of the variability drivers in biological production, both natural and 426 anthropogenic, and how the increasing levels of atmospheric CO 2 will affect the 427 biological carbon pump. 428 429
Uncertainties 430
One obvious source of error is the fact that our approach only makes long-term 431 averages for all months, so any trends in the observed properties will cause some 432 uncertainty in the resulting values. With this in mind we proceed to evaluate the 433 uncertainty of the approach and the individual fluxes. 434 435
Deficit calculations 436
The uncertainties in the deficit calculations are related to the interannual variability in 437 the observed concentrations in the surface layer and in the sub-surface reference 438 concentrations, and the uncertainties arising from the averaging procedures of the 439 monthly profiles. The uncertainty in the monthly surface layer concentrations (seen 440 from the average monthly standard deviation) is largest for silicate (values up to 40-441 50%), but for nitrate and phosphate there is a maximum in late summer/early autumn, 442 when the concentrations are lowest by 20-30%. Due to the high concentrations of 443 DIC the uncertainty in these numbers is insignificant. If we propagate the 444 uncertainties in the surface concentrations and the reference concentrations and use 445 this as the overall uncertainty in the monthly deficits we get the values depicted in 446 Figure 4 , which are quite substantial for some of the months, with a relative error of 447 up to 60-75% at or just after the early peak in production, but lower (10-40%) during 448 the later part of the year. The uncertainty in the values from the first part of the year, 449 during the period of deepened mixed layer, is rather low in an absolute sense, 450 compared to later in the year, but due to the low deficits in this period the relative 451 errors get very large (see Fig. 4) . 452
There is a potential error in assessing the production, and related terms, in the 453 upper 100 m, when the MLD apparently reaches deeper in winter. However, the 454 vertical distribution of nutrients and DIC do show a homogeneous upper 100 m in 455 winter, followed by a gradient down to stable concentration at depths below ~300 m. 456
Profiles of salinity show the same feature (Fig. 3 ). Deficits were also calculated for 457 summer, and a value of 4 in September. This suggests that processes other than 467 biological assimilation contributed much more to the distribution of nutrients and 468 carbon at these depths Since we mainly want to evaluate the fluxes of importance for 469 the production, and these seem to be confined to the upper 100 m, we argue that the 470 applied method best captures the biological production with the relatively shallow 471 surface layer we use. This may also be connected to the different water masses 472 present in the Iceland Sea, so it is important to evaluate different surface layer 473 thickness in different regions. 474 475
Vertical flux 476
The uncertainty in the vertical fluxes could be significant. With the assumption that 477 the air-sea fluxes, as well as the horizontal fluxes of nutrients could be neglected, the 478 increase in nutrient concentration during periods of deepened mixed layer depths 479 should equal the vertical fluxes. Since we estimate the vertical entrainment velocity 480 from the observed changes in MLD, there is both an uncertainty related to the chosen 481 method to calculate MLD, and the variability in the monthly MLD during the time 482 series. The variability-driven uncertainty in the mean monthly MLD is on average 483 ~3 0% (Fig. 2) . The calculated uncertainty in the vertical fluxes of DIC, and nutrients 484 are all in the range 17-22% (see Table 2 ). 
Biological production 495
Since the biological production is calculated as the residual of all other terms (Eq. 4) 496 it also carries the uncertainty of each of these terms. Some of the uncertainty could be 497 connected to interannual variability in the timing of the peak in the productive events, 498 something that should be evaluated further in later studies. To estimate the uncertainty 499 in the ΔDEF term we use the relative error in the calculated deficits, and multiply 500 these with the ΔDEF values for each month, for each constituent. The relative error in 501 the deficit for the months with very low values (February-March) is unrealistically 502 large. For these months we instead use the uncertainty in MLD as the minimum error. 503
For February this is ~50%, and for March ~30%. The total estimated errors in the 504 biologically related fluxes are in the range 31-61% for the nutrients (highest for 505 silicate), but only 14% for carbon (Table 2) . 506 507
Conclusions 508
The computed monthly fluxes of dissolved inorganic carbon, nitrate, phosphate 509 and silicate in the Iceland Sea show similarities in the seasonality, but also a 510 
